Abstract. Design-and-technological and structural schemes of the forage grain crusher have been developed with a feeding device consisting of a drum with straight blades mounted in a housing under the bunker above an adjustable window, and a supply channel for directing the grain falling from the blades of the feeding drum to the crushing area by the working blades of the crusher. With an aim to optimise the technological process of crushing grain preliminary theoretical and experimental investigations of the design-and-technological parameters of the feeding device of the crusher have been carried out. It has been theoretically established that the speed and directions of feeding the grain to the crushing area affect the efficiency of the technological process of crushing. Experimental studies show that a change in the value of the peripheral speed (linear velocity of the outer edges) of the blades of the feeding drum significantly changes the main technical and economic indicators of the technological process of producing crushed grain forage -the efficiency (throughput) of the machine and the specific energy consumption. It was found that entry of the grain into the crushing area from the feeder at a speed equal to or close to the peripheral speed of the drums for conditioning results in an increase in the efficiency of the crusher by 2.2 times and reduces the energy intensity of the process by 1.6 times. In addition, the best indicators for the production of crushed forage are observed within the range of speeds for the introduction of grain into the crushing area 8...9 m s -1 , which practically corresponds to the peripheral speed of the blades of the feeding drum and the rollers for crushing. The investigations allow developing a grain crusher at a design stage with a high-quality product, minimum energy intensity of the working process and maximum possible throughput.
Introduction
In many countries of the world forage grain is the most important source of fodder in animal husbandry. It has been established by studying the feeding process of grain to ruminants and the impact upon their productivity depending on the kind and the degree of crushing (flattening, crimping) this type of concentrated feed that whole grain is absorbed by animals much worse than, for example, the crushed one [1] [2] [3] . This is because the outer shell of the grain consists of a fibre that prevents access of enzymes of the digestive juice to the nutrients of the grain. The crushed grain also has disadvantages, since it tends to settle in the rumen of the stomach and quickly passes through the forestomachs of the ruminants, which leads to decreased digestibility of the nutrients in the grain, in particular, to the conversion of biologically imperfect albumen into biologically complete, to the conversion of carbohydrates into volatile fatty acids, and so on.
One kind of forage, most compatible with biochemical processes occurring in the rumen of a ruminant animal is the flattened grain fodder, produced by passing the grain through a gap formed by rollers rotating towards each other [4;5] .
When flattening, the outer shell (the fibre) of the grain is broken, which prevents access of enzymes to the nutrients. When this grain is fed to the animal, the contact area between the nutrients of the grain and the enzyme system of the gastrointestinal tract of the animal increases several times. In addition, the flattened grain has an optimal size for its uniform distribution over the entire rumen of the cow, which leads to better consumption of carbohydrates and proteins by microorganisms. In this case the imperfect albumen is easily transformed by the microorganisms into a biologically complete one (by its composition it is mostly similar to the amino acid content of milk), which, in turn, is fodder for the animal.
A large number of studies have been devoted to the investigation of machines for grain flattening [6] . However, the problem how to improve the technical means in order to raise their efficiency and reduce their energy intensity remains topical. The purpose of this work is to investigate a new feeding device of a grain crusher that makes it possible to improve the performance and energy intensity indicators.
Materials and methods
Analysis of the previous studies [6] shows that: the greatest throughput capability of grain crushing is observed at the shortest time of passage of grain through the crushing zone; this condition is fulfilled, if the input speed of the weevil into the working zone of crushing is equal to the linear velocity on the working surfaces of the rollers for crushing. The fulfillment of this condition is ensured by the installation of the feeding device.
On the basis of the conducted analysis of the technology level of the issue under consideration [6] [7] [8] and taking into account the operation experience of the PZ-1 grain crusher, a design-andtechnological flow scheme of the PZ-1M grain crusher ( Fig. 1 ) with a feeding device (Fig. 2) for feeding grain into the working area (the inter-roll gap) of the crusher [7] [8] [9] has been developed. A general view of the grain crusher PZ-1M is shown in Fig. 3 . The operations of the technological process for production of grain forage by the new crusher according to [9] are conventionally divided into two groups: mechanical movements (transportation) and transformations. The first group includes delivery of the forage grain to the crusher (part of the path of movement of the grain material OB), removal of the produced forage from the working area of the crusher to the outside (section CD); transformations include flattening of the forage grain (section BC). The movements and transformations organise a continuous technological process of producing flattened fodder; their optimal combination determines the flow efficiency of the technological process of any machine. The grain crusher can be used for flattening grain of waxy ripeness, forage grain of full ripeness with a moisture content of more than 20 %, for flattening dry forage grain. It works as follows. The grain material to be crushed (the grain) 11 ( Fig. 1) is loaded into the feeding hopper 2. When the window is opened with the adjusting flap 4, which allows adjustment of the throughput rate of the crusher, the grain material (the grain for flattening) 11, located in the feeding hopper 2, is captured by the grooves of the feeding roll 6 and delivered through the window 3 and the feeding channel 5, and through it into the inter-roll gap 12 of the rollers 7 and 8, where it is captured by the rollers; and the flattening (crushing) takes place.
Fig. 3. General view of grain crusher PZ-1M
Then it is removed from the inter-roll gap 12 and, as a finished product -flattened forage grainit is sent for storage or directly for feeding. Installation of the feeding roll 6 in the feeding hopper 2 of the crusher above the height-adjustable window 3 loosens the grain 11 entering the hopper for flattening, which eliminates its hanging up in the hopper 2, thereby ensuring the continuity and uniformity of feeding the grain 11, and, consequently, continuity of the entire process of crushing the grain, thus raising the efficiency of the crusher. In addition, the grain enters the crushing area from the roll 6 through the channel 5.
At the initial stage a preliminary study of the crushing operation by means of a crusher with a feeding device was carried out, the results of which revealed factors that make the greatest impact upon its efficiency (the crushing efficiency Q, t h -1 , and the specific energy consumption E, kW ·h· t -1 ): the rotation frequency of the roll of the feeding device n, the number of blades of the roll z, the diameter of the roll of the feeding device D, the installation height of the feeding roll relative to the working area of crushing h, the inclination angle of the blades of the roller α. Taking into account the planning theory of a multifactor experiment [10] [11] [12] , to study the combined influence of the design and technological factors of the feeding device upon the performance indicators of the crusher, a full factorial experiment of type 2 5-1 was implemented. The variation levels of the factors, the matrix (plan) are shown in Table 1 . The lower level (-) 600 16 0.12 320 0
Results and discussion
The results of the multifactor experiment against the background of the matrix of the plan are shown in Table 2 . The calculation of the regression coefficients allowed to obtain the following mathematical models of the workflow of a grain crusher with a feeding device: The analysis of the results of the multifactor experiment indicates that the most significant factors affecting the crushing efficiency y 1 (Q, t·h -1 ) and its energy intensity y 2 (E, kW·h·t -1 ) are the rotational speed of the feeding roll x 1 (min -1 ) and the diameter of the feeding roll x 3 (m.) (Fig.4) . As a result of the multifactor experiment (2 5-1 ), the best indicators of the optimization criteria were obtained: the crushing efficiency Q = 1.34...1.37 t·h -1 , and the specific energy consumption E = 3.6...3.7 kW·h·t -1 at the rotation frequency of the roll of the feeding device x 1 = n = 800...900 min -1 , the number of blades of the roll x 2 = z = 32, the diameter of the roll of the feeding device x 3 = D = 0.2 m = 00, the installation height of the feeding roll relative to the working area of flattening x 4 = h = 370 mm, the inclination angle of the blades of the roll x 5 = α = 00. Based on this, when developing the design documentation for the feeding device, it is necessary to be guided by the above values of its structural and technological parameters.
In order to test the efficiency of the experimental research, a comparison of the performance indicators of the crusher with a feeding device (the new version) was made with a crusher without it (the basic version -a series-produced crusher PZ-1) for the same crushed grain material (from the same batch) and the same settings of the crushers themselves (the diameter of the roll for flattening D = 275 mm, the rotation speed of the roll 600 min -1 , the width of the rolls 150 mm, the inter-roll gap 0.9 mm).
When flattening the same grain (barley of the Abava variety with 12 % moisture) using a grain crusher with a feeding device installed on it (the new version) with the parameter values: the rotation frequency of the feeding roll device n = 850 min -1 , the number of blades of the roll z = 32 pcs ., the diameter of the feeding roll D = 0.2 m, the installation height of the feeding roll relative to the working area of flattening h = 370 mm, the inclination angle of the blades of the roll α = 00, the following indicators of the technological process were achieved: the flattening efficiency was 1.34...1.37 t h -1 (2.25...2.3 times), the energy consumption of the process 3.6...3.7 kW·h·t -1 (1.68...1.73 times) at the same quality of the forage produced.
Conclusions
1. Experimental investigations of the design-and-technological parameters of the feeding device of the crusher made it possible to optimise its design parameters according to the criteria of minimum energy intensity and maximum efficiency. 2. Installation of the experimental feeding device on a series-produced crusher provides its increased efficiency in comparison with the base unit (without a feeding device) from 0.596 t·h -1 to 1.34 t·h -1 (2.25 times), reduced energy intensity of the flattening process from 6.225 kW·h·t -1 to 3.7 kW·h·t -1 (1.68 times).
